The universally abundant polyphosphate (polyP) accelerates fibril formation of disease-related 2 amyloids and protects against amyloid cytotoxicity. To gain insights into the mechanism(s) by 3 which polyP exerts these effects, we focused on α-synuclein, a well-studied amyloid protein, 4 which constitutes the major component of Lewy bodies found in Parkinson's Disease. Here we 5 demonstrate that polyP is unable to accelerate the rate-limiting step of α-synuclein fibril 6 formation but effectively nucleates fibril assembly once α-synuclein oligomers are formed.
PolyP alters morphology of pre-formed α-syn fibrils

140
FP-binding studies using pre-formed α-synuclein fibrils revealed that polyP not only interacts 141 with ThT-positive oligomers during de novo fibril formation but also binds to mature fibrils ( Fig.   142 2a). Since α-synuclein fibrils that are formed in the presence of polyP (i.e., α-syn polyP ) have 143 significantly altered morphology compared to fibrils formed in the absence of nucleators (i.e., α-144 syn alone ) 30 , we wondered whether polyP binding would also affect the morphology of mature 145 fibrils. This would possibly explain why the addition of polyP to preformed fibrils was as 146 cytoprotective as its addition during fibril formation 30 . We therefore generated α-synuclein fibrils, 147 washed and purified them to remove any small oligomers and protofibrils, and either left them 148 untreated (α-syn alone ) or incubated them with polyP 300 (α-syn alonepolyP ). Immediately before as 149 well as 20 min after the addition of polyP to α-syn alone fibrils, we fixed aliquots of the samples on 150 grids, and prepared them for transmission electron microscopy (TEM). As a control, we also 151 tested α-syn fibrils formed in the presence of polyP (α-syn polyp ). As shown in Fig. 2b , the 152 morphology of α-syn alonepolyP fibrils was nearly indistinguishable from the morphology of α-153 syn polyP fibrils. Instead of two protofilaments, which typically form a twisted structure, α-154 syn alonepolyP and α-syn polyP fibrils were significantly thinner, suggesting that polyP caused their 7 dissociation into single protofilaments. X-ray fibril diffraction measurements agreed with the 156 finding that incubation of preformed fibrils with polyP alters their conformations, and showed 157 particularly striking differences in the equatorial plots of the radial intensities (i.e., X-axis), which 158 arise from the packing of adjacent β-sheets in the amyloid fibril. In contrast, no differences were 159 observed on the meridian (Y-axis), which reflects the strand-to-strand packing, and produced a 160 sharp reflection at 4.7 Å spacing for both fibril species (Fig 2c, d) . These results suggested a 161 pronounced effect of polyP on the packing of the β-sheets within the protofilament ( Fig. 2e ).
162
To further investigate the dynamics of polyP-fibril interactions, we conducted FP-competition 163 experiments with pre-formed α-syn-polyP 300-AF647 fibrils (Fig. 2f ). As expected, we observed a 164 high initial FP-signal, consistent with the slow tumbling rate of polyP-fibril complexes. Upon 165 addition of un-labeled polyP 300 , however, the FP-signal rapidly decreased, indicating that the 166 unlabeled polyp-chains replaced the labeled polyP in the fibrils. Addition of the much shorter 167 polyP 14 chain also reduced the FP-signal but to a lesser extent, suggesting that shorter chains 168 have lower binding affinities than longer chains ( Fig. 2f ). These results indicated that the polyP-169 fibril interactions are highly dynamic in nature, and implied that fibrils, even when formed in the 170 absence of polyP, can rapidly adopt a novel conformation when exposed to polyP.
172
PolyP-fibril complexes are polyphosphatase resistant 173 Unbound polyP is very rapidly degraded by exopolyphosphatases, such as yeast PPX, which 174 hydrolyzes the phosphoanhydride bonds with a turnover rate of 500 µmol/mg/min at 37°C 39 . To 175 test whether degradation of polyP reverses the morphological changes that we observed in 176 fibrils bound to polyP, we incubated α-syn polyP fibrils with yeast PPX. Surprisingly, however, we 177 did not observe any morphological changes in the α-synuclein fibrils by TEM (data not shown).
178
These results suggested either that the fibrils maintain their altered conformation even upon 179 hydrolysis of polyP or that polyP, once in complex with fibrils, resists PPX-mediated hydrolysis.
180
To investigate whether PPX is able to degrade fibril-associated polyP, we incubated 40 µM α-181 synuclein monomers or preformed α-synuclein fibrils with increasing concentrations of polyP, 182 added PPX and measured PPX-mediated release of P i using a modified molybdate assay 40 .
183
Whereas polyP that was incubated with α-synuclein monomers was rapidly hydrolyzed and 184 yielded in the expected amount of P i (Fig. 2g, triangles 
190
of which about two thirds (~130 µM) were resistant towards PPX-mediated hydrolysis ( Fig. 2h ).
191
We concluded from these results that α-synucleinfibrils resist conformational rearrangements 
222
Extracellular polyP prevents intracellular enrichment of α-synuclein fibrils
223
Our findings that polyP associates with pre-formed α-synuclein fibrils and changes their 224 conformation, served to explain results of our previous studies, which showed that α-synuclein 225 fibrils lose their cytotoxicity as soon as polyP is added 30 . However, they did not explain how 226 polyP is able to protect against amyloid toxicity. We reasoned that polyP might reduce the 227 formation of cytotoxic oligomers by stabilizing the fibrils in a conformation that has previously 228 been shown to be less prone to shedding 30 . Alternatively, we considered that binding of polyP 229 to the fibrils might either directly or indirectly interfere with the membrane association of α-230 synuclein 41, 42 and/or its cellular uptake 25, 43 . Lastly, it was also conceivable that polyP binding 231 might increase the turnover of internalized α-synuclein or its sequestration into non-toxic 232 deposits. To gain insights into the potential mechanism(s) by which polyP protects neuronal 233 cells against amyloid toxicity, we compared uptake and intracellular fate of exogenously added 234 α-synuclein fibrils in the absence and presence of polyP. We labeled α-synuclein with 235 AlexaFluor 488, formed mature fibrils, pelleted them by centrifugation and sonicated the fibrils to 236 obtain a mixture of oligomeric species, protofibrils and short mature fibrils (i.e., α-syn PFF-AF488 ) 44, 237 45 (Supplemental Fig. 1a ). We confirmed that sonication does not affect the interaction of fibrils 238 with polyP (Supplemental Fig. 1b ). We then incubated differentiated SH-SY5Y neuroblastoma 239 cells with α-syn PFF-AF488 or freshly prepared fluorescently labeled monomeric α-synuclein (i.e., α-240 syn mon-AF488 ) at either 4°C or 37°C in the absence or presence of polyP for 24h, and analyzed 241 AF488-fluorescence using confocal microscopy. In the absence of polyP, we detected 242 significant intracellular fluorescence upon incubation of the cells with either α-syn mon-AF488 or α-243 syn PFF-AF488 at 37°C but not at 4°C (Fig. 3a ). Moreover, we noted an apparently stable 244 association of α-syn PFF-AF488 with the cell membrane at both temperatures ( Fig. 3a) , which was 245 confirmed by trypan blue staining (Supplemental Fig. 2a ). These results were fully consistent 246 with previous studies, which reported that both monomers and fibrils use a temperature-247 sensitive endocytic route for their cellular uptake 46 , and that α-synuclein fibrils stably associate 248 with cell membranes 43 . Incubation of the cells in the presence of polyP significantly reduced the 249 intracellular fluorescence signal of α-syn PFF-AF488 upon incubation at 37°C as well as the 250 membrane-associated signal upon incubation at either temperature (Fig. 3a ). This result was 10 distinctly different from monomeric α-syn mon-AF488 , whose uptake at 37°C was not affected by 252 polyP. These results strongly suggested that polyP negatively influences the membrane 253 association and/or uptake of α-syn PFF-AF488 . To test whether intracellular polyP influenced the uptake and/or intracellular foci formation of 268 exogenously added α-syn PFF-AF488 , we incubated differentiated SH-SY5Y neuroblastoma cells 269 with fluorescently-labeled polyP 300 (i.e., polyP 300 -AF647 ) for 24 h, washed the cells to remove any 270 exogenous polyP and analyzed the cells using a confocal microscope. We observed a clear 271 AF647-fluorescence signal in cells incubated with fluorescently labeled polyP but not in our 272 control cells (Supplemental Fig. 2b ). This result confirmed previous studies that showed that 273 neuronal cells are able to take up and enrich exogenous polyP 37 . When we incubated the 274 polyP-enriched cells with α-syn PFF-AF488 , we observed the same rapid internalization and 275 intracellular enrichment of α-syn PFF-AF488 fibrils that we found in cells that were not pre-treated 276 with polyP ( Fig. 3b ). We concluded from these experiments that polyP needs to be present in 277 the extracellular space to interfere with the uptake of α-syn PFF , and that intracellular polyP does 278 not substantially affect the fate of internalized α-synuclein fibrils. This is despite the fact that we 279 observed a clear co-localization between internalized α-syn PFF-AF488 and intracellular polyP 300-280 AF647 in select intracellular foci, demonstrating that polyP associates with α-syn PFF-AF488 also in 281 the context of intact cells (Fig. 3b , blue arrow).
283
PolyP interferes with α-syn PFF membrane association
284
In order to further investigate the influence of polyP on fibril uptake, we incubated differentiated 285 SH-SY5Y cells with α-syn PFF-AF488 as before, and either left them untreated or added polyP 286 defined time points after start of the incubation. We reasoned that determining the effects of 287 polyP on cells that contained both membrane-associated and internalized α-syn PFF -AF488 would 288 likely reveal at what stage polyP acts. Before the imaging, we washed the cells to remove any 289 unbound α-syn PFF and/or polyP. As expected, incubation of SH-SY5Y neuroblastoma cells with 290 α-syn PFF-AF488 in the absence of polyP revealed a persistent association of labeled α-syn PFF-AF488 291 with the cell membrane, and a steady increase in the intracellular fluorescent signal (Fig. 4a ).
292
When we added polyP to cells that were pre-incubated with α-syn PFF-AF488 for 2 hours, and 293 imaged the samples 30 min later, we observed a significantly reduced signal of membrane-294 associated α-syn PFF-AF488 and lower levels of intracellular α-syn PFF-AF488 compared to the control 295 cells. In the presence of polyP, the fluorescence signals did not significantly change over the 296 next hours of incubation and only a slight increase in the intracellular signal of α-syn PFF-AF488 was 297 observed after 24h of incubation. Addition of polyP at later time points (i.e., 4 or 6 hours) caused 298 a similar cessation in α-syn PFF-AF488 uptake, and a decrease in cell membrane-associated α-299 syn PFF-AF488 signal (Fig. 4a ). Upon addition of fluorescently labeled polyP 300-AF647 to cells 12 pretreated with α-syn PFF-AF488 for 6 h, we found both fluorescence signals to co-localize on the 301 outside of the cells, consistent with the formation of polyP-fibril complexes (Fig. 4b) . These 302 results strongly suggested that binding of polyP to α-synuclein fibrils interferes with the 303 membrane association of α-synuclein, and hence prevents the uptake of fibrils. They also 304 served to explain why the uptake of monomeric α-synuclein, which does not stably interact with 305 polyP, is unaffected by the presence of polyP.
306
Recent studies suggested that one mechanism by which α-syn PFF-AF488 enter cells is through 307 the interaction with heparin glycan receptors 47 , in a mechanism termed micropinocytosis 48 . To 308 investigate the possibility that polyP inhibits the uptake of α-syn PFF-AF488 by generally blocking 309 micropinocytosis, we monitored the influence of polyP on the uptake of the Trans-Activator of 310 Transcription (TAT) protein fused to the fluorescent dye TAMRA (TAT-TAMRA) (AnaSpec). TAT 311 is a small viral protein, which contains the heparin sulfate binding sequence necessary for its 312 internalization via micropinocytosis 49, 50 . We incubated differentiated SH-SY5Y cells with both 313 TAT-TAMRA and α-syn PFF-AF488 either in the absence or in the presence of polyP 300 and 314 monitored the uptake of both proteins via fluorescence microscopy. In the absence of polyP 300 , 315 we observed signals for both α-syn PFF-AF488 and TAT-TAMRA in the cells, indicating that both 316 proteins were taken up (Fig. 4c ). In the presence of polyP, however, we observed only the TAT-
317
TAMRA signal inside the cells (Fig. 4c ). These results are consistent with the model that polyP 
320
To finally test whether the chain lengths of polyP influences its ability to prevent uptake of α-321 syn PFF-AF488 , we incubated differentiated SH-SY5Y cells with α-syn PFF-AF488 as before but added 322 250 µM (in P i-units) of either polyP 14 , polyP 130 or polyP 300 . Analysis of internalized α-syn PFF-AF488 323 after 24 hours demonstrated that whereas the longer polyP-chains completely inhibited the 324 uptake of α-syn PFF-AF488 , presence of polyP 14 had a much-diminished effect on the uptake (Fig.   325 4d). These results were in excellent agreement with our previous competition studies that 326 showed that polyP 14 chains are substantially less effective in binding to α-syn PFF-AF488 and/or 327 competing with polyP 300 and excluded that the observed effects are simply due to the presence 328 of densely charged polyanions. Instead, these results provided supportive evidence for the 329 conclusion that the mechanism by which polyP protects neuronal cells against α-synuclein 330 toxicity is through its specific interactions with extracellular α-synuclein fibrils, effectively 331 preventing their association with the cell membrane and limiting their uptake into neuronal cells. 
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Differentiated SH-SY5Y cells were incubated with 5 µM TAT-TAMRA and 3 µM α-syn PFF-AF488 in the 347 presence or absence of 250 µM polyP 300 . After 3 hours of incubation, the uptake was monitored. d.
348
Differentiated SH-SY5Y cells were incubated with α-synuclein fibrils for 24 hours in the absence or 349 presence of 250 µM of different chain lengths of polyP. ThT-positive protofibrils and fibrils suggest that polyP serves as a binding scaffold for pre-fibrillar 373 oligomers and increases the cooperativity of fibril formation.
374
A recently solved cryo-EM structure of mature α-synuclein 1-121 fibrils revealed that the double- 
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Alpha-syn alone fibrils were then either left untreated or were incubated with 7.5 mM polyP 300 for 531 20 min (i.e. α-syn alone polyP ). Samples were negatively stained with 0.75% uranyl formate (pH 532 5.5-6.0) on thin amorphous carbon layered 400-mesh copper grids (Pelco) in a procedure 533 according to 67 . Briefly, 5 µl of the sample was applied onto the grid and left for 3 min before 534 removing it with Whatman paper. The grid was washed twice with 5 µl ddH 2 O followed by three 535 applications of 5 µL uranyl formate. The liquid was removed using a vacuum. Grids were 536 imaged at room temperature using a Fei Tecnai 12 microscope operating at 120kV. Images 537 20 were acquired on a US 4000 CCD camera at 66873x resulting in a sampling of 2.21 Å/pixel.
538
About 45 individual α-synuclein filaments were selected across 10 micrographs of each sample 539 and the filament widths were determined using the micrograph dimensions as a reference. Pixel 540 widths were converted into angstroms using the program imageJ.
541
X-Ray Fiber Diffraction -Alpha-synuclein fibrils were grown with and without polyP as 
573
Coverglass (Thermo Fisher) and differentiated for 5-7 days by adding 10 µM all-trans retinoic 574 acid (Sigma-Aldrich) every other day. The differentiated cells were incubated with 3 µM α-575 syn PFF-AF488 in the presence or absence of the indicated concentrations of polyP at either 37°C or 576 4°C for the indicated times. Before the imaging, the media was exchanged to DMEM/F12 577 without phenol red (Thermo Fisher), supplemented with 10% (v/v) heat inactivated fetal bovine 578 serum (Sigma-Aldrich), 1% (w/v) penicillin/streptomycin (Life Technologies). Cells were imaged 579 using a Leica SP8 high resolution microscope. To distinguish between the inside and outside 580 signals, the cells were treated the same way but 0.05% of the membrane impermeable dye 581 Trypan blue was used for 15 sec prior to the imaging to quench extracellular fluorescence 43 . To 582 enrich for endogenous polyP, SH-SY5Y cells were seeded and differentiated as described 583 above. Once differentiated, cells were either left untreated or incubated with 250 µM polyP-584 AF647 (per Pi) for 24 hours. Subsequently, fresh media was added to the cells for 6 hours.
585
Afterwards, cells were incubated with 3 µM α-syn PFF-AF488 for 24 hours. As before, the media was 586 changed before imaging and cells were imaged using Leica SP8 high resolution microscope. To 587 test the influence of polyP during the α-syn PFF-AF488 uptake, differentiated SH-SY5Y cells were 588 incubated with 3 µM α-syn PFF-AF488 at 37°C. After 2, 4 or 6 hours, 250 µM polyP-AF647 was 589 added to the cells. Cells were imaged at time points 1, 2.5, 5, 7 and 24 hours. To test for co-590 localization of α-syn PFF-AF488 and polyP-AF647, cells were incubated with 3 µM α-syn PFF-AF488 at 591 37°C. After 6 h 250 µM polyP-AF647 was added and cells were imaged after 7 h. To monitor 592 the influence of polyP on the uptake of TAT, differentiated SH-SY5Y cells were incubated with 5 593 µM TAT-TAMRA (AnaSpec) and 3 µM α-syn PFF-AF488 either in the presence or in the absence of 594 250 µM polyP. After 3 hours of incubation, the cells were imaged with a Leica SP8 high 595 resolution microscope.
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Statistics -Two-tailed Students t-tests were performed when two groups were compared. One- 
